We report numerical results and measurements for a 575 MW pulverized coal tangential firing boiler of the Israel Electric Corporation (IEC). Measured and calculated values were found to be in reasonable agreement. We used simulations to optimize both the furnace flue gas temperature and the staged residence time for low-NOx and tested mass flow rates through close-coupled and separate over-fire air ports and the coal powder fineness. These parameters control the mixing rate of fuel and oxidizer streams and affect temperature regimes, coal burning rate, and nitrogen oxidation/reduction. From this effort, IEC started to improve boiler performance by replacing existing burners to low-NOx firing system to ensure the current regulation requirements of emission pollutions.
INTRODUCTION
Pulverized coal-fired utility boilers are the reliable workhorse of the Israel power generation infrastructure that is responsible for more than 60% of all electricity production. The past decade has seen new coal-based capacity added, but only the two last units are equipped with low-NO x firing systems that provide the required NO x emission. In order to meet the challenges of the new regulation requirements, the Israel Electric Corporation (IEC) selected to replace the existing firing system in the Combustion Engineering 575 MW Units with a new low-NO x firing system. These are the largest tangentially fired open furnaces installed in IEC. The nominal gross capacity of the four units is 2300 MW.
In the present work, we investigated temperature distributions and heat fluxes at different operation modes. This was done in order to optimize the design of the new low-NO x emission firing system that will be installed in the existing 575 MW tangential coal-firing boiler. The optimization was performed by an algorithm based on 3D zonal calculation (Abryatin, 1970 (Abryatin, , 1998 . The algorithm was developed, taking into account the number and position of the working burners and nozzle tilt, to more exactly define the distribution of fuel burnout and air and flue gas mixing along the section and through the height of the furnace. The development of the code and its comparison with test results was one of the major problems that faced us. Based on the zonal combustion model, we found an optimal solution for a system design that provided the required boiler performance and low NO x emission.
3D ZONAL CALCULATION OF HEAT TRANSFER
The code described below has been substantiated theoretically; it is simple to apply and can be used as a tool for engineers acquainted with boiler design. The user can employ the code not only at the design stage, but also for boiler tuning and operation. This code enabled us to obtain a large amount of information from a small number of measurements. We needed to make adjustments in the code to adapt it to the real conditions in a given boiler and we used the limited accessible points in the boiler for that.
The zonal method has been used for calculating radiative heat transfer for quite some time. In the method, the furnace is divided into volume zones; in turn, surface zones are formed on the walls. The radiative transfer properties of the working medium are assumed to be isotropic throughout the furnace. The furnace is represented as a parallelepiped consisting of cubes. This enabled us to use the coefficients calculated as characteristics of radiative transfer between the following pairs of zones: volume-volume, surface-surface, and volume-surface. In order to reduce the number of zones, the cubes are aggregated into blocks, taking into account the location of the burners. The length of one edge of the cube is determined by the condition that the surface area of the walls in the model should be equal to the actual area of the heating surface in the furnace. There are two stages: 1) the radiation heat transfer factors are computed and 2) a system of equations of heat balance between zones is solved. Details are presented in Karasina et al., (1982) and Abryatin. (1998) .
The two types of burner systems (opposite wall and tangential) provide a convenient way for inputting data on the distribution of the air injected into the furnace, the burnout of the fuel, and the movement of the gases. These are assumed to be 2D distributions, and are determined by the depth and the height of the furnace with vortex burners and by the height and radius of the tangential firing furnace. The air distribution is specified by the user. When the over-fire air is used, it is injected at the appropriate height, and all the remained air is distributed among the rows of burners.
To account for the multiple reflections from the walls surfaces, the effective radiation method (Nevsky, 1971 ) is applied in the heat balance equations for the surface zones. It allows avoiding the calculation of the total exchange areas. Diffusive reflection is assumed, which seems to be close to reality for the furnace walls made of tubes and covered with a layer of deposits.
Finally, the system of heat balance equations, whose number is equal to the number of volume and surface zones in the furnace model, is solved. The unknown variables of this system are the gas temperatures in the volume zones and the incident heat fluxes along the surface zones. This system is solved by the Newton-Raphson method for nonlinear systems of equations, which converges in 5-6 iterations.
MODELED BOILER
The mathematical model described above was applied to the Combustion Engineering boiler ( cess air coefficient after the economizer, and 330 o C for the air temperature at the furnace inlet. South African coal was used.
Boiler performance data was received from the control room database. Local measurements of flue gas and air temperature, as well as excess air before and after the air heater, were carried out. Heat flux and flue gas temperatures were measured through the furnace width and height using a special heat flux probe and radiant pyrometer. The observation door location is shown in Figure 2 . Unburned carbon content and NO x were also measured during the tests. Tests were carried out in the following range of operation parameters: 40-100% for boiler load, 1.15-1.22 for excess air (at low load we achieved 1.38), and 0-23% for over-fire air (it was fully closed at low load). the heating surface area of the furnace. The number of blocks lined up along the x-axis and y-axis are 6 each, and 12 along the z-axis. One cube in each block was used along the x-, y-and z-axes. Results of the model adaptation to the real furnace are presented below.
HEAT TRANSFER AND BURNOUT RESULTS
Heat flux and flue gas temperature distribution are important parameters of the combustion process and the measured results were therefore carefully analyzed.
Since it is known that the most accurate method of temperature measurements is the method using a water-cooled suction pyrometer with thermocouple protected by radiation shields from losses, this method was employed. Comparison between measurements carried out by suction and optical pyrometer (Abryatin, 1970) shows that in the flame zone of the coal firing furnace, the flue gas temperatures measured by optical pyrometer are close to the values measured by suction pyrometer in the distance range 1.5-2.0 m from the water wall. In our case, the length of the cube is 2.6 m and, based on the above, it was assumed that the average temperature near the water wall is higher by 50 o C than the value measured by optical pyrometer.
The measurement by the heat flux probe provides the total heat flux value, which includes the radiative and convective fractions of the heat flux. Calculation results were compared with measured data on the height levels 3, 9, 10, and 11, and a correction factor ϕ was consequently implemented. We found that the correction factors can be calculated by k(ϕ) = 0.85 -0.0025ϕ, for z = 9, z = 10 k(ϕ) = 0.90 -0.0025ϕ, for z = 11 where z and ϕ are axial height and tilt position, respectively.
We estimated the influence of the convective heat transfer on the total furnace heat balance by the code. As follows from these calculations, the heat transfer by convection is neglected for high-temperature furnaces. Comparison of the calculated and measured flue gas temperatures and heat fluxes near the water wall (z = 3) shows that below the burners fuel burnout takes place even when the burners' tilt is in the upper position (ϕ > 0). Hence, it follows that together with vortex movement in the furnace cross section, there is a downstream movement of the flue gases in the lower part of the furnace. The fraction of downstream flow is varied under different operation condition. These results that were obtained during the tests were generalized and included in the code. The results showed that heat flux correction factor for the lower furnace zone (z = 3) equals 0.87.
The final adaptation of the code was carried out using an iteration method. At this stage, the coal burnout versus boiler operation condition was determined. Figure 3 shows the fraction of fuel burnout in the burner zone for South African coal. The fuel burnout considerably depends on excess air and boiler load. Based on boiler performance data, furnace exit temperature (using the inverse heat balance method) and furnace heat absorption were calculated. Coal burnout and furnace heat absorption enabled us to determine heat resistance of the slag on the water walls.
Although the South African coal ash content is not more than 14% and the soot-blowing system was effective, the slag coating heat resistance changed from 2.5 to 5.0 m 2 ⋅K/kW. Analysis of the results show that the heat resistance of the water wall slag coating depends not only on effective operation of soot-blowing, but on boiler load as well. Heat resistance increasing at partial load may be explained by ash thermal conductivity decreasing when the temperature reduces (Vargaftik, 1979) . Load decreasing leads to reduction of heat fluxes and steam temperature, and correspondingly to reduction of the ash temperature. Comparison of measured and calculated heat fluxes based on the code shows good agreement. In fact, the deviation is less than 20 kW/m 2 , which is not more than the normal deviation of heat fluxes at actual operation condition. Figures 4 and 5 compare results of calculations and experiments for the furnace exit flue gas temperature and heat flux, respectively, showing good agreement. The detailed description of the adaptation of the code and comparison of measured and calculated results is shown in Abryatin (2000) .
NO x emission was predicted by an empirical method that is based on numerous NO x measurements in full-scale boiler tests (Kotler, 1987) . The method was adjusted for the Combustion Engineering boiler mentioned above. All inputs for NO x calculations were obtained from the FURNACE code and the power plant acquisition system. The predicted NO x emission was in good agreement with measured data, as seen in Figure 6 . • furnace zone, z = 3; ■ z = 9; ▲ z = 10; • z = 11.
BASELINE TEST RESULTS
Baseline emission data for the original firing system for South African coal showed a typical variation in NO x as a function of unit load. As shown in Figure 7 , the measured concentration of NO x in the flue gas ranged from about 700 mg/dNm 3 to about 900 mg/dNm 3 at partial loads. NO x levels at full load varied with certain operational parameters, such as excess oxygen and the number of coal pulverizers in service. Figure 8 depicts NO x emission as a function of excess air in the burner zone, showing that all measured data correlates well with excess air, and that NO x emission decreases with excess air. Hence, operation with the substoichiometric condition in the burner zone is able to significantly reduce NO x emission. NO x emission was also examined versus the furnace heat absorption and burner position (Fig. 8) . These two parameters are responsible for the movement of the flame ball. It was observed that movement of the flame ball toward the furnace exit leads to an increase in NO x emission. It was also found that furnace cleanliness also impacts on NO x emission, because a dirty furnace promotes NO x formation. In addition, baseline testing was conducted for carbon loss and carbon monoxide (CO) emission. The results of these tests showed that CO emissions are quite low (around 10 mg dNm 3 at 6% O 2 ) and that CO increase with a decrease of excess air. Results for carbon loss (LOI) showed that when excess air is above Burner zo ne ex cess air NO x em ission, m g/dNm3 FIGURE 8 NO x emission as a function of burner zone excess air.
• 575 MW load, upper mill arrangement; ■ 575 MW load, lower mill arrangement; ▲ 430 MW load, upper mill arrangement; • 430 MW load, lower mill arrangement; + 320 MW load, upper mill arrangement; -320 MW load, lower mill arrangement. unity in the burner zone, LOI is below 5%, and below unity it increases to 11% at 0.9. In general, it was observed that coal fineness not less than 80% through 200 mesh enabled the operation with acceptable LOI (5%).
PREDICTION OF PERFORMANCE AFTER SYSTEM MODIFICATION
The design for the retrofit modification utilized the existing wind box. A new separated over-fire air (SOFA) was applied. Separated over-fire air enters the furnace through a separate register at a distance above the main burner zone. In concentric firing, the fuel, fuel air (secondary air), and straight auxiliary air are directed tangentially to the original firing circle and the offset auxiliary air (secondary air) is directed tangentially to the outer circle. The majority of the auxiliary air is provided as offset auxiliary air. The direction of rotation is the same for both circles. In comparison with the conventional tangential firing system, less air is available for combustion during the initial stage. Special "flame attachment" coal nozzle tips are also part of the low-NO x system design. They enhance the effect of the offset auxiliary air by initiating rapid coal ignition and devolatilization. Early ignition creates a distinct volatile matter flame, the stoichiometry of which can be closely controlled. CFD modeling was performed for the new firing system design. The calculations were performed for various modes of operation, such as excess oxygen and coal elevation arrangement for full and partial load for South African coal.
As mentioned above, the burner arrangement in the furnace should be chosen in order to provide two main functions: adequate residence time for combustion with low NO x emission, and reduction of the flue gas temperature sufficient to minimize ash deposition on convective surfaces. We modeled two different burner arrangements. In the first case, the furnace height from the centerline of the top fuel elevation to a horizontal plane on the bottom of the panels is selected equal to the current design. In the second, the height was increased by moving the burners down toward the furnace hopper. The main results of the simulations are presented in Figure 9 . As may be seen from the results of the calculations, the furnace exit flue gas temperature for the current burner elevation arrangement is equal or exceeded 1400 o C at full load and may lead to ash deposi-tion and overheating of the convective surfaces. Increasing the distance between burners and furnace exit yielded a gas temperature adequate for the convective pass.
It should be noted that a change in loading causes a decrease in the wall deposition temperature and leads to a reduction of the conductivity factor. In order to provide more accurate furnace exit temperature calculations, the above effect was taken into consideration.
As a result of all the above results, the required NO x emission of 400-500 mg/dNm 3 can be achieved for stoichiometric conditions equal to 0.85-0.90 in the burner zone. This means that the over-fire air flow fraction should be in the range 25-35%, depending on boiler loading (Fig. 10) . The limiting factor of the staging operation for the current wind-box design is its low wind-box pressure difference. The solution of the problem is achieved by replacing the air nozzle tips with those having a smaller flow area. 
CONCLUSIONS
A methodology was presented to combine boiler measurements and 3D furnace modeling to enable the analysis and optimization of boiler operation conditions for providing reliable and effective operation with minimum emissions. The prediction of optimized operation conditions confirmed that the selected low-NO x burners and SOFA ports provided reliable boiler operation with low pollutant emissions. The performed study proved that the connecting plant measurements with 3D furnace modeling is a cost-effective method for design optimization and problem solving in power plant operation. Potential problems may be found at an early stage and avoided as soon as possible.
